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Abstract 

We theoretically report that, utilizing electromagnetically induced transparency (EIT), the trans- 
verse spatial properties of weak probe fields can be fast modulated by using optical patterns (e.g. 
images) with desired intensity distributions in the coupling fields. Consequently, EIT systems can 
function as high-speed optically addressed spatial light modulators. To exemplify our proposal, 
we indicate the generation and manipulation of Laguerre-Gaussian beams based on either phase 
or amplitude modulation in hot vapor EIT systems. 
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Spatial light modulator (SLM) technology plays a significant role in modern optics 
This technology can impose phase and amplitude modulations on light fields in real time, 
thus performing spatial information encoding and producing light fields with novel spatial 
structures. In optics, Laguerre- Gaussian (LG) modes with isolated intensity minima in 
their transverse pofiles have attracted a great deal of interest {2, 3]. Numerous reseach has 
shown that LG modes carry well-defined orbital angular momentum which can impart on 
matter through light-matter interaction or characterize multidimensional quantum states of 



light in Hil 

and traps 



3ert space. Therefore, LG beams have promising applications in optical tweezers 



51], dense coding in quantum information processing 



flQ. 



etc. To generate 



and manipulate LG beams, programmable liquid crystal SLMs are increasingly adopted 
[sl, ^, y, m\- Limited by the inertia of liquid crystal molecules, the refresh rates of liquid 
crystal SLMs are at most a few kHz. However, for many applications based on LG beams, 
such as dynamic optical traps and large capacity parallel information processing, much faster 
reshaping of light fields is expected. Thus, liquid crystal SLMs could pose a real difficulty 
to the applications. 



, as a phenomenon of quantum inter- 
]. In EIT systems, the dispersion and 



Electromagnetically induced transparency (EIT 
ference, has been intensively studied for decades [8 
absorption of weak probe light fields can be coherently controlled by strong coupling light 
fields via atomic transitions. Moreover, the atomic response time to the light fields could be 
much shorter than that of the liquid crystal molecules [ol, Q . Consequently, the phase and 
amplitude of the probe fields could be modulated all-optically and quickly in the EIT me- 



dia. Previous 
structures 



y, EIT systems were widely used to manipulate light fields without transverse 



while some recent studies have focused on processing multimode transverse 



images in EIT systems, particularly, in low-cost vapor cells [12|. Therefore, EIT systems 
might also be a good candidate to perform spatial light modulation with high speed. 

In this paper we examine the possibility of spatially modulating probe light beams in EIT 
systems with the use of optical patterns (e.g. images) with desired intensity distributions in 
the strong coupling fields. As an example, the generation and manipulation of LG beams 
are investigated. In our scheme, we consider a three-level A atomic system interacting with 
two copropagating light fields in a hot vapor cell (Fig. [1]), which can strongly suppress the 
Doppler broadening. The weak probe field of frequency Up and amplitude Ep is resonant with 
the transition |1) ^ |3) {lj^i = Up). The strong coupling field of frequency and amplitude 



2 




FIG. 1: (Color online) (a) Three- level A atomic system and two copropagating light fields with a 
small detuning A. (b) Uniform illumination of the coupling field imposing no phase shift onto the 
incident Gaussion probe field (/ = 0). (c) Azimuthal intensity distribution of the coupling field to 
generate the LG beam with 1 = 1, where (j) is the azimuthal angle. The intensity distribution could 
be shown numerically in Fig. [2]^a). (d) I = 2. (e) Possible experimental setup which includes an 
imaging system, a vapor cell of the thickness d and some beam splitters. 

Ec drives the transition |2) ^ |3) with a small single-photon detuning A = 0^32 — Uc- The 
Rabi frequencies of the probe and coupling fields are defined as Qp^c = Ati3,23 ■ Ep^c/ ^, where 
/^i3,23 are the dipole moments of the transitions and Qp <^ Qc for the EIT situation. Thus, 
ignoring the Doppler broadening, the linear susceptibility for the probe field can be given 
by 3 

X = X' + ix" = If^nfQ ^ (1) 
-4:A\nf + 28A^73i + i2-f2i{Kf + 721731) 
eo/illfi/ + 731(721 -^2A)|' 

where g is the the atom number density, 731 is the decay rate from |3) to |1) and 721 is the 
decoherence rate between |1) and |2). 

To generate LG modes by means of phase modulation, an azimuthal phase winding 
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gii</> g]2ould be imprinted onto the wave front of the Gaussian probe field, where / is the 



integer winding number and </> is the azimuthal angle j4|. This phase imprinting requires an 
azimuthal variation of the refractive index n(0) in the EIT system, which can be produced 
by an azimuthally dependent Rabi frequency f2c(0) of the coupling field according to Eq. 
([T]). Intuitively, this coupling field can be constructed by the images of amplitude masks in 
an imaging system [Fig. [I]^b)-(e)]. To numerically evaluate this scheme, three sublevels in 
the ®^Rb D2 line (5^5*1/2 ^ 5^P3/2, A = 780 nm) are adopted, which can reasonably give 
731 = 38.11 X /ii3 = fi23 = 3.58 x lO^^s C-m, 721 = 27r x 3000/s, A = -O.2731, 



g = 5 X 10^^/cm^ 13||. From Eq. ([T]), the Rabi frequency of the coupling field can have the 
form 

/i23 • ^c(0) / a 

to introduce the azimuthal dependence of x, where a, b, and c are the adjustable parameters. 
When the strong-coupling-field condition r2c(0) ^ {731 j A} ^ 721 are satisfied, Eqs. ([I]) and 
([2]) give x' oc —A/Q^ oc and x" oc 721/^2^ which tell us that the refractive index can 
vary almost linearly around the optical axis [the z axis in Fig. Wi^)] and the absorption can 
simultaneously be suppressed. For simplicity, we discuss here the generation of LG mode 
with / = 1 from the Gaussion probe field with / = 0. A 27r phase difference between the 
maximum and minimum should be imprinted onto the wave front of the probe field, which 
can result in 

An-d= [n{27i) - n{0)] ■ d = Al ■ X, (3) 

where n is the refractive index, d is the thickness of the vapor cell and AZ = 1. It is known 
that, in EIT systems, x' and x" are much smaller than unity (x', x" ^ 1)) which can lead to 
n = y/TTx ~ 1 + X72 + ix"/2. Thus, Eq. ([3]) can be rewritten as [x'(27r) - x'(0)] ■ d = 2X. 
Moreover, the transmission probability can read T = e~°"^, where the absorption coefficient 
a = 27Tx"/X. Assuming a = 500, b = c = 1 for the strong-coupling-field condition which 
can give f2c(0) ~ IO731, and with the parameters in ^'^Rb, one can find the thickness of 
the vapor cell d ~ 862 fim and other features shown in Fig. [2J According to Eq. Q, 
the 2n phase modulation can thus be reached in a very thin cell, which is crucial to our 
scheme, because (i) the thin cell can lead to high resolution images through the EIT system 
and the alignment between the probe field and the images, (ii) it can further reduce the 



absorption of the system [T > 90% in Fig. [2]^a)], (iii) it can ensure the vahdity of the 
paraxial approximation and nearly phase-only operations ^, [l^ . Additionally, high order 
LG modes can be created by more complex images, such as in Fig. [I](d). 
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FIG. 2: (Color online) (a) Azimuthal intensity distribution 7(0) (= €QcEc{(j))'^ /2) of the coupling 
field (solid) corresponding to Fig. H^c) with a = 500, 6 = c = 1 in Eq. ([2]), where /(O) = 838 
mW/cm^ and I{2tt) = 115 mW/cm^. According to Eqs. ([1]), ([2]) and the strong-coupling-field 
condition, this azimuthal intensity distribution of the coupling field can induce an azimuthally 
dependent refractive index and a small absorption for the probe field. Thus, also shown is the high 
transmission probability T{(f)) > 90% of the probe field (dashed), (b) Linear susceptibility for the 
probe field in ^"^Rb induced by the azimuthal intensity distrbution in (a). The real part x' (solid) 
is associated with the azimuthally dependent refractive index and the imaginary part x" (dashed) 
is associated with the small absorption. 

The switching between different LG modes (e.g. between / = and / = 1) is essen- 
tially associated with the conversion between different dark states in the FIT system. The 
switching time depends on the following factors. The first one is the time scale for the re- 
establishment of dark states, which can be given by ~ ad^y^i/^ll sl, Q. Suppose that we 
have the initial image in Fig. [T](c) with the intensity distribution numerically shown in Fig. 
Ilt^a), then switch this image to a uniform illumination [Fig. [11(b)] with luni = -^(0) = 838 
mW/cm^. It can be seen that the weakest coupling intensity occurs at = 27r where the 
system has the highest absorption and, accordingly, the longest re-establishment time. We 
can find ^ ad'-f-^i/Q'^^- ^ 34 ps at = 27r, where ^luni is the Rabi frequency of the uniform 
illumination. Secondly, an adiabatic manipulation should be performed to keep the coher- 



ence of the system. The time scale can be given by Ta 
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73i/finm ~ 0.33 ns y, [l5|. Hence, 



the limit for the switching time is Tg S> r^, Ta, which shows the possibihty of modulation at 
up to a fraction of GHz. 

Next, we consider the generation of LG modes by means of amplitude modulation. In this 
case, the aforementioned images with azimuthal intensity distributions should be replaced by 



images with forked binary patterns (Fig. [3]) 16|,ll7|- Furthermore, we use the resonant three- 
level KIT system without detunings (A = 0). In the bright fringes of the forked coupling 
field, the probe field can transmit with very low absorption under the EIT condition (T ^ 1). 
Nevertheless, in the dark fringes without the coupling intensity {Qc = 0), the probe field 
resonantly drives the transition |1) ^ |3), which can result in a strong absorption. From 
Eq. ([T]) with A = fic = 0, we can obtain 

X" = ^ 0.0072, ^ T = e-°'^ ^ e'^^ ^ 0, (4) 

where we use d = 500 /im for the thin cell condition and g = 10^^ cm~^, and preserve all 
the other parameters in ^^Rb. Thus, a tunable forked binary amplitude grating is formed in 



the E: 



by (l7| 



T system for the probe field. The transmission function of this grating can be given 



tf(r,(h) = - + -y — X 

fc=0 

sin[(2A; + l)(-/0+^rcos0)], (5) 

where r = x"^ + y^, </> is the azimuthal angle, / is the winding number and D is the period 
of the grating far away from the forked center. The Fraunhofer diffraction pattern can be 
analytically derived and show that, the beams diffracted into the first order maxima of the 

n 

pattern can be converted into the LG modes with the ±/ winding numbers |17l |. 

To switch the LG modes (e.g. between / = and / = 1), we can switch the coupling 
fields between the uniform illumination [Fig. [11(b)] and the forked grating [Fig. [3l^a)]. 
At the positions of the dark fringes, there should be a switching between the two-level 
resonant system and the three-level EIT system. Using the same methods mentioned above 



Iq and assuming that the bright fringes and the uniform illumination have the 



same intensity (e.g. I^f = luni = 838 mW/cm^), we can calculate the re-establishment time 
Tr ~ 9.56 ns and the time scale for the adiabatic approximation ^ 0.33 ns. The limit for 
the switching time (r^ ^ r^, t^) shows that the modulation can be performed at up to many 
MHz. 
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l = ±l 




l = ±2 




FIG. 3: (a) Forked binary amplitude grating to generate the LG modes with / = ±1, where (f) is 
the azimuthal angle and D is the period of the grating far away from the forked center, (b) Similar 
grating for I = ±2. 



In summary, we have demonstrated that LG modes can be generated and manipulated 
in low-cost hot vapor EIT systems with high speed. Since 27r phase modulation with low 
absorption or binary amplitude modulation can be easily obtained in EIT systems by using 
images with the desired intensity distributions in the coupling fields, EIT systems can be 
used as high-speed low-cost optically addressed SLMs By employing more complex 
images, one can achieve light fields with more peculiar spatial structures 18|. Our scheme 
provides a flexible and practical way to realize the high-speed spatial light modulation in 
EIT systems with potential applications in optical technology and information science. 
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